Abstract This paper describes the manufacture and properties of fine scale (Ø 260 lm) and dense ([96 % theoretical density) fibres consisting of Magnéli (Ti n O 2n-1 ) phases for sensing and energy storage applications. In order to understand their operational limits, the re-oxidation of the Magnéli phases in air was examined using thermogravimetric analysis at temperatures up to 900°C under a variety of heating rates. The material was characterised before and after re-oxidation via X-ray diffraction and scanning electron microscopy. The re-oxidation of the Magnéli phases was observed to begin at 650°C, and the kinetics of the process was studied using the iso-conversional method. The calculated activation energy was consistent with Jander's three-dimensional diffusion model, where oxidation is limited by diffusion of oxygen through a layer of the oxidised product. An activation energy of 0.71 eV was obtained from kinetic analysis of the thermogravimetry data, which is in agreement with previous work on electrical conduction of Magnéli phases using impedance spectroscopy.
Introduction
Titanium dioxide (TiO 2 ) is an extremely versatile material, suitable for a variety of applications such as paints and food industries as a white pigment [1] , orthopaedic and dental implants [2] , catalyst support [3, 4] , photo-catalysis [5] , photo-splitting of water [6] , dye-sensitised solar cells [7] and gas-sensing [8] . As a n-type semiconductor, TiO 2 has been extensively studied [9] [10] [11] [12] and it has been demonstrated that the electrical conductivity the materials can be significantly increased by subjecting the oxide to a high temperature in a reducing atmosphere [13] . This process leads to the formation of sub-stoichiometric titanium oxides of the general formula Ti n O 2n-1 (with 3 \ n\10), known as Magnéli phases [14] . For non-stoichiometric titanium dioxides, TiO 2-x , with low values of x (0 \ x \ 0.10), the dominant point defects in the structure consist of Ti 3? and Ti 4? interstitials and oxygen vacancies [12] . When x increases to 0.10-0.34, Magnéli phases are formed which are characterised by extended planar defects and crystallographic shear planes that vary according to the oxygen deficiency [15, 16] . As a result of their chemical resistance and high electrical conductivity, which can be up to 10 5 S/m, Magnéli phases are of interest in a variety of applications which include cathodic protection, batteries, catalyst support for fuel cells as well as their potential use in the treatment of aqueous waste and contaminated water [13, 17, 18] . While the majority of work to date has focussed on the manufacture of dense Magnéli phases materials or powders [19, 20] , this paper examines the properties of high-density fine scale fibres (260 lm) consisting of Magnéli phases (referred to as 'Magnéli fibres' in this paper) which are of interest for sensing and energy storage applications due to their high surface area. For applications that require a high temperature or oxygen-rich applications, the thermal stability of the Magnéli phases is a feature that needs to be taken into consideration and analysis of the re-oxidation process of dense fibres by thermo-gravimetry (TGA) is undertaken. The activation energy of the re-oxidation process will be calculated, and the analysis provides an insight on the kinetic oxidation mechanism of fine scale Magnéli phases such as fibres or thin-film materials that have been considered as electrode materials [21] .
Experimental
Fibre manufacture Figure 1 shows a diagram of the complete Magnéli fibres manufacturing process. Stoichiometric TiO 2 fibres were initially produced using a thermoplastic extrusion process. TiO 2 powder (PI-KEM, 99.5 %, 0.3 lm particle size, specific surface area 7.49 m 2 /g) was pre-coated with three monolayers of stearic acid (93661, Fluka Chemie AG, Switzerland). The stearic acid was solved in toluene and mixed with the TiO 2 powder in a jar mill with zirconia milling media for 12 h. The toluene was dried out using a rotary evaporator (Rotavapor R-134, Büchi Labortechnik AG, Switzerland). The pre-mixed powder was blended with polyethylene binder (1700MN18C Lacqtene PEBD, Arkema Group, Cedex, France) using a torque rheometer (HAAKE PolyLab Mixer, Rheomix 600, Thermo Scientific, Karlsruhe, Germany). For the two-step mixing, a temperature of 150°C (1 st step) and 120°C (2 nd step) was used. After mixing a thermoplastic homogeneous, feedstock with 54 vol% of TiO 2 powder was achieved. This feedstock was used for thermoplastic extrusion of fibres with a diameter of 300 lm using a capillary rheometer (RH7-2, Malvern, Herrenberg, Germany) at a temperature of 120°C. A special ceramic die design (Empa, Switzerland) with an orifice of 300 lm was used to produce the fibres which were extruded with a ram speed of 0.5 mm/s and a pressure of 13 MPa [22] . The 'green' TiO 2 fibres were cut on a conveyor belt into 170 mm long pieces. Subsequently, the 'green-body' fibres were sintered at 1300°C for 1.5 h in chamber furnace (UAF, LENTON, UK) with a step at 500°C in order to burn out the binder.
In order to convert the sintered TiO 2 to sub-stoichiometric oxides, the fibres were reduced via a carbo-thermal process (Eq. 1) performed in a tubular furnace (LTF, LENTON, UK), under constant argon flow to avoid reoxidation. The reducing agent was carbon black powder, and the reduction temperature was 1300°C for 1 h with a heating/cooling rate of 150°C/h.
After various trials, the optimal set up is to create a microenvironment, where the fibres are embedded in the carbon black powder [23] .
In order to conduct density measurements, larger Magnéli phase tablets (10.6 mm diameter, and 1.3-1.4 mm thickness) were prepared using the same thermal treatments. TiO 2 powder was initially processed by adding 2.5 wt% of polyethylene glycol (PEG) 8000 molecular weight (MW) and distilled water to create a slurry which was ball-milled for 24 h, dried and sieved through a mesh (45 lm). Green-body pellets were formed by uniaxial pressing at 200 MPa.
Microstructural characterisation
Density measurements were made on the bulk samples prepared with the same method using the Archimedes method described in the standard BS En623:2 [24] . This was undertaken since the density of fine scale fibres is difficult to determine because of their small size. Characterisation of the Magnéli phases was undertaken using X-ray diffraction (Philip PW1730, Cu-Ka, k = 1.541838 Å , 40 kV, 25 mA) for phase analysis and a Scanning Electron Microscope (SEM, JEOL JSM6480LV) to examine microstructure before and after the re-oxidation.
Thermo-gravimetric analysis (TGA)
Thermo-gravimetric analysis to study the re-oxidation of the Magnéli fibres was undertaken using a Setaram TGA 16.18 . Two different heating rates were used, 2 and 3°C/min and the fibres were heated to a temperature of 900°C under a constant air flow at 1.5 bar. As shown in the temperature profile, in Fig. 2 , an initial heating ramp and dwell at 100°C was included before recording data to ensure humidity from the fibres and crucible holder is removed. Two heating rates were employed in order to determine the activation energy for oxidation using the isoconversional method [25] , which will be described in detail later. A sample-free measurement was also taken for both heating rates as calibration.
Results and discussion

Microstructural characterisation
The XRD pattern of the sintered TiO 2 fibres indicates that they are rutile, see Fig. 3a . The pattern of the carbo-thermally reduced fibres (Fig. 3b) 
1).
After re-oxidation of the Magnéli fibres via the TGA on heating up to 900°C, the XRD pattern (Fig. 4) shows the presence of only rutile TiO 2 and that the fine scale material has re-oxidised. The presence of a very broad peak at approximately 20-25°°may indicate the presence of some amorphous phases of Ti-suboxides that remain in the samples after re-oxidation.
Scanning electron microscopy images of both the sintered TiO 2 fibres (Fig. 5a ) and the Magnéli fibres (Fig. 5b) indicate that both have high density with limited porosity visible in the final microstructure. This is confirmed by the density measurements conducted on bulk TiO 2 and Magnéli samples shown in Table 1 , demonstrating a sintered density in excess of 96 % theoretical for both materials. However, a significant grain growth is observed following the carbo-thermal treatment (compare Fig. 5a and b) . The average grain size across the whole fibre cross section for TiO 2 is 3.6 lm while for the Magnéli fibres it is 70 lm. Figure 6 shows a cross section of the re-oxidised fibres, indicating complete oxidation through the thickness of the fibre on heating in air to 900°C. Cracks are observed along the large grain boundaries (Fig. 6b) , and the fibres are easier to fracture during handling.
Thermo-gravimetric analysis (TGA)
Following calibration of the data using the sample-free measurement, Fig. 7 shows the fractional mass change (a) as the temperature increases for a heating rate of 3 and 2°C/min. The slower heating rate leads to a higher fractional mass change at a specific temperature, where the mass change is defined as 
and w 0 , w and w f are the initial, actual and final sample mass, respectively. Figure 7 shows that the re-oxidation of the Magnéli fibres begins at approximately 650°C and the temperature for 50 % conversion (a = 0.5) is 734°C and 781°C for heating rates 2 and 3°C/min, respectively. An operation temperature of 650°C is above the operation temperature for many sensing and energy storage applications, but can set the operation limit for any other applications or subsequent treatment. For example similar fibres have been subjected to femtosecond micromachining and electric contact soldering [24] and are considered in a sensor system for monitoring wear at high temperatures [25] .
Analysis of the kinetics of oxidation
In order to begin the kinetic analysis of the TGA data in Fig. 7 , it is assumed that the reaction rate (k) obeys the Arrhenius law:
where A is the pre-exponential factor, E a is the activation energy, R is the universal gas constant and T the absolute temperature. The reaction rate depends on the conversion according to the general equation; 
During a solid state reaction, a layer of the product (in this case TiO 2 ) forms and gradually covers the surface of the reactant. The diffusion of the reactant (oxygen) though the product is slower than the surface reaction and becomes the rate controlling mechanism of the overall reaction. Surfaces, grain boundaries and defects are favourable migration paths and their relative percentage in the material may affect the reaction kinetics. We consider here four different kinetic models [26] [27] [28] [29] for which the reaction rate is controlled by the diffusion rate ( Table 2 ). The simplest rate equation is for an infinite flat plane that does not involve a shape factor for one-dimensional diffusion (D1). Two-dimensional diffusion (D2) assumes that the solid particles are cylindrical and diffusion occurs though a cylindrical shell. The three-dimensional models are based on the assumption of spherical solid particles. For example, Jander (D3a) used a simplified equation to define the thickness of the reaction zone it, where Ginstling and Brounshtein (D3b) take into consideration that the thickness of the reaction zone is increasing as the reaction continues.
It is assumed that C is a constant in Equation 5, since the mass increases as a linear function of time, plots of lnf(a) versus 1/T should be linear with a slopeE a =R. Figure 8 shows these plots using the four kinetic models of f(a) which are shown in Table 2 for the two heating rates employed (3 and 2°C/min), indicating excellent linearity in both cases. The calculated activation energy for the diffusion kinetic models is summarised in Table 3 .
It is possible to obtain the value of the activation energy from a single experiment but it is necessary to assume a relevant diffusion mechanism (i.e. a kinetic models in Table 1 ). In order to confirm the diffusion mechanism, a kinetic analysis was undertaken using the data from the two heating rates and the iso-conversional method [25] . Equation 5 for both heating rates was used to calculate the Table 2 Diffusion kinetic models and function [26] [27] [28] [29] 
Dimension
Kinetic model Function f(a)
Three-dimensional diffusion (Ginstling-Brounshtein) [29] 3/[2((1-a) activation energy without knowledge of the diffusion mechanism and is expressed as:
where b 1 and b 2 are the heating rates 3 and 2°C/min, respectively, a 1 and a 2 are the conversion rates for the two heating rates and T 1 and T 2 are the temperatures for the corresponding a 1 and a 2 . The activation energy calculated using this method at a 1 = a 2 = 0.5 is E a = 0.71 eV. This value is most consistent with the value estimated using Jander's threedimensional diffusion model (D3a). This particular model is limited by diffusion of one of the components through a layer of the product, which is sensible given that we are considering the re-oxidation process of the fine scale Magnéli phase fibres. The reaction rate is controlled by the diffusion rate of oxygen through the layers of TiO 2 that are initially formed on the surface and around grain boundaries. Oxygen diffused within the bulk of the grains through defects (e.g. oxygen vacancies) that are created during the initial reduction process. Jander's model does not take into consideration that the thickness of the reaction zone is increasing as the reaction proceeds and in some cases is more representative of the initial stages of the reaction. In the case of the re-oxidation of Magnéli phases, the model may be more appropriate due to the high density of defects. The 0.71 eV activation energy is also in good agreement with the value of 0.77 ± 0.08 eV measured from conductivity data using impedance spectroscopy at temperatures from 250 to 375°C [30] . The ac conduction mechanism was proposed to be through oxygen vacancies and is also a thermally activated process.
Conclusions
This paper has examined the re-oxidation kinetics and thermal stability of fine scale fibres for potential applications in sensing and energy storage. The Magnéli fibres examined here were stable at temperatures up to 650°C in air, this provides an operation limit for the possible applications. The re-oxidation process was best described using Jander's three-dimensional model considering diffusion to be the rate controlling mechanism of the reaction. An activation energy of 0.71 eV was obtained confirming previous work on Magnéli phases using impedance spectroscopy, and significant changes in microstructure were observed as a result of re-oxidation. The manufacture of dense fine scale Magnéli phases and an understanding of the kinetics of the re-oxidation process are important for the application of this promising material in high temperature and electrochemical applications. 
